Photodynamic therapy (PDT) involves the administration of photosensitizer followed by local illumination with visible light of specific wavelength(s). In the presence of oxygen molecules, the light illumination of photosensitizer can lead to a series of photochemical reactions and consequently the generation of cytotoxic species. The quantity and location of PDT-induced cytotoxic species determine the nature and consequence of PDT. Much progress has been seen in both basic research and clinical application in recent years. Although the majority of approved PDT clinical protocols have primarily been used for the treatment of superficial lesions of both malignant and non-malignant diseases, interstitial PDT for the ablation of deep-seated solid tumors are now being investigated worldwide. The complexity of the geometry and non-homogeneity of solid tumor pose a great challenge on the implementation of minimally invasive interstitial PDT and the estimation of PDT dosimetry. This review will discuss the recent progress and technical challenges of various forms of interstitial PDT for the treatment of parenchymal and/or stromal tissues of solid tumors.
Introduction
A solid tumor is an abnormal mass of body tissue other than blood, bone marrow, or the lymphatic system. It may be benign (not cancerous) or malignant (cancerous). Different types of solid tumors are named by their cell origin, for instance, sarcomas, carcinomas, and lymphomas. Treatment of solid tumors varies based on the type, location, and stage of tumor. The term of solid tumor used in this article refers to the malignant parenchymal tumors.
Photodynamic therapy (PDT) is a disease site-specific treatment modality. It involves the local or systemic administration of a photosensitizer (i.e., photosensitizing or photoactive drug) followed by irradiating the targeted lesion site with non-thermal visible light of appropriate wavelength(s) (e.g., 500-800 nm). In the presence of molecular oxygen, the light irradiation of photosensitizer and energy transfer can lead to a series of photochemical reactions (i.e., Type I and Type II reaction) and generation of various cytotoxic species (e.g., singlet oxygen 1 O 2 and other reactive oxygen species, ROS), and consequently induce apoptosis and/or necrosis of targeted lesion. PDT can be performed in various forms in a non-invasive or minimally invasive fashion (1). While the majority of approved PDT protocols treat superficial lesions of skin and luminal organs, such as actinic keratosis and Barrett's esophagus, interstitial and intra-operative approaches have been investigated for the ablation of a broad range of superficial or bulky solid tumors located in the head and neck, brain, breast, lung, gastrointestinal, and genitourinary regions (2) (3) (4) (5) . The microenvironment and physiology of solid tumors are very different from those of normal tissue. The complexity of the geometry and the non-homogeneous nature of solid tumors still pose great technical challenges on the implementation of minimally invasive interstitial PDT. This review article will discuss recent progress in the technical development of interstitial PDT (IPDT) for treatment of parenchymal and/or stromal tissues of solid tumors.
Photosensitizer
The photosensitizer is considered to be a critical element. A major downside of PDT is the prolonged skin photosensitization after systemic administration of photosensitizer (e.g., Photofrin) and the need for patient avoidance of sunlight for several weeks. For the majority of cancer patients, however, the light avoidance is tolerable. Nonetheless, for localized tumors, there is still a need to explore drug delivery approaches to deliver photosensitizer locally; therefore, to enhance therapeutic efficacy, shorten treatment time, and eliminate skin photosensitization completely. It can be predicted that the progress in intratumoral injection techniques, particularly in endoscopic needle injection, will renew the interest in developing truly localized interstitial PDT proceduresi.e., the combination of intratumoral drug injection and light irradiation. Inhalation of photosensitizer has been used to improve fluorescence endoscope examination and might provide a feasible drug delivery route for lung PDT (6, 7) .
The majority of photosensitizers possess a hetero-cyclic ring structure similar to that of chlorophyll or hematoporphyrin (8) . Traditionally, the porphyrins and those photosensitizers developed in the 1970s and early 1980s are called the 1 st generation photosensitizers (e.g., Photofrin). Porphyrin derivatives or synthetics of known chemical structures made since the late 1980s are called the 2 nd generation photosensitizers (e.g., Foscan, Verteporfin). The length of light avoidance of some 2 nd generation photosensitizers has been significantly reduced (e.g., < 2 weeks). The 3 rd generation photosensitizers generally refer to the modifications such as biologic conjugates (e.g., antibody conjugate, liposome conjugate) and built-in photo quenching or bleaching capability (9). Targetspecific PDT uses the antibody-or antisense-conjugated photosensitizers, which can combine the specificity to an overexpressed cellular marker with the phototoxic properties of the conjugated PDT photosensitizer. The targeted cellular marker can be a tumor-associated or non-tumor-associated marker. The conjugation may or may not necessarily enhance the internalization process, although the internalization might enhance PDT-induced cytotoxicity.
In general, for solid tumor PDT an ideal photosensitizer should meet at least some of the following criteria:
• a commercially available pure chemical, • low dark toxicity but strong photocytotoxicity,
• good selectivity towards tumor cells, • longer wavelength allowing deeper light penetration, • rapid removal from the body, and • multiple administration routes (oral, intravenous, intratumoral, or inhalational) .
These criteria provide a general guideline for comparison.
Although some photosensitizers satisfy all of or some of these criteria, there are currently only a few PDT photosensitizers that have received official approval around the world. Several 2 nd generation photosensitizers (e.g., HPPH -665 nm, SnET2 -665 nm, Lu-Tex -732 nm) have been investigated in many preclinical and clinical trials for various solid tumors (10-12). Although these photosensitizers show the selectivity towards tumor cells and are ideal for cellular-targeting PDT, vascular-targeting PDT is of growing interest.
Vascular-targeting PDT (VTP) is characterized by a very short drug to light interval (DLI), typically 0-30 minutes after the completion of IV injection of photosensitizer. The photosensitizer used in this type of PDT should have a fast clearance and, therefore, might have minimal selectivity toward tumor cells. Under this unique approach, light irradiation takes place while the photosensitizers are still circulating in the vascular compartment and, therefore, cause vascular damages through low-density lipoprotein receptor-mediated endocytosis pathways and lead to thrombosis and micro-vessel occlusion. Vascular-targeting PDT has been used primarily for the management of the neovascularization lesion (e.g., wet age-related macular degeneration, AMD) and cutaneous capillary malformations (e.g., port wine stain birthmarks, PWS) (13, 14) . Recently, vascular-targeting PDT-mediated by Pd-bacteriochlorophyll derivatives (e.g., WST09, also known as Tookad, and WST11) has been investigated for the curative or palliative treatment of solid tumors (e.g., prostate cancer) by targeting the tumor vasculature (15-17).
It has been hypothesized that the massive shutdown of pathological and normal vessels can deprive the supply of oxygen and nutrients and subsequently achieve tumor ablation. Antivascular PDT can also bypass the drug resistant nature of solid tumors (18). Although vascular-targeting PDT might change the traditional criteria of photosensitizer selection, longer wavelength and rapid clearance might be the key criteria for designing a photosensitizer for antivascular PDT. Ablating a bulky solid tumor might require a combination strategy, for instance, cellular-targeting plus vascular-targeting or systemic plus local drug delivery (see details in Biological Target).
Most of the approved photosensitizers have fluorescence emission and fluorescence emission spectra overlap with absorption spectra. In vivo measurement of fluorescence spectra, spectrofluorimetry and fluorescence microscopy are commonly used for the quantification of photosensitizer concentration in target tissue. For photosensitizers with weak or no fluorescence (e.g., WST09), diffuse reflectance spectroscopy is a useful tool to measure photosensitizer concentrations in vivo (19, 20) . Along with the detection of photosensitizer photobleaching during PDT, these measurements can be used for the estimation of PDT dose.
Light Source and Light Delivery
The broad spectra of non-coherent and coherent light sources can be chosen to match the optimal absorption peak of a specific photosensitizer, although the wavelength is a determining factor of the tissue penetration. The choice of a specific light delivery mode (superficial or interstitial) in clinical settings is usually based on the nature and location of the disease. The optimal light dose can be obtained by adjusting the fluence rate and fluence.
The first light sources used in PDT were non-coherent light (e.g., conventional arc lamps). Non-coherent light sources are safer, easy to use, and less expensive. They are mainly used for superficial lesions. The most commonly used PDT light sources are lasers. They produce high energy monochromatic light of a specific wavelength with a narrow bandwidth. The laser light can be focused, passed down an optical fiber through a conventional SMA connector, and directly delivered to the target site through a specially designed illuminator tip (e.g., microlens, spherical diffuser, cylindrical diffuser, or bare fiber). A microlens-tipped frontal illuminator can distribute the incident light uniformly to a flat surface. An isotropic spherical diffuser can be centered in a spherical cavity and deliver light to the cavity surface. A cylindrical diffuser of various lengths (e.g., 1-5 cm) can provide a cylindrical pattern of light emission which can be used to superficially irradiate a cylindrical lumen or interstitially irradiate a target tissue ( Figure 1 ). All these light delivery modes can be easily applied during intraoperative PDT.
It has been demonstrated that the longitudinal light emission profile of diffusers of different brand names might be different and therefore, a detailed analysis of the optical characteristics of the diffuser tip and target tissue might be needed for treatment planning of interstitial PDT (21). In intra-operative PDT procedures, light diffusing media and inflatable balloon have been used in conjunction with laser and optical fiber to provide uniform light distribution for treating a cavitary lesion (e.g., brain tumor) (22). A tailored, tapered or side-fire diffuser tip might be suitable for a special need of intraluminal and intratumoral irradiation (23, 24). For a complicated anatomical structure and high risk location, a specially designed light applicator might be needed for conformal light delivery (25).
Argon dye, potassium-titanyl-phosphate (KTP) dye, metal vapor lasers, and most recently diode lasers have been used for clinical PDT around the world. One advantage of the diode laser is that it can be engineered into a multi-channel unit to meet a highly sophisticated interstitial PDT procedure, which may require multi-channel diode lasers and each independent light output channel to simultaneously provide the light sources of variable power (26).
Two-photon excitation (TPE) of photosensitizer, i.e., the simultaneous absorption of two photons generated from ultrafast laser pulses of high flux in the near-infrared region (750-950 nm), has been investigated as an alternative method to improve conventional one-photon excitation PDT. The ad- vantages of TPE PDT include the ability to treat deep-seated lesion and the precision to treat a small area (27, 28) .
The light emitting diode (LED) is another emerging PDT light applicator. LED can generate high energy light of desired wavelengths and can be assembled in a range of geometries and sizes (29, 30) . For intra-operative PDT of brain tumor, LED-probe may be arranged in a cylinder tip to fit into a balloon catheter (31); whereas, for interstitial PDT of liver cancer, a thin linear LED array can be implanted into the tumor percutaneously and powered by a battery (32, 33) .
Typically, achieving the total ablation of a massive solid tumor involves the implantation of multiple diffuser fibers or LED probes. The characterization of light penetration and distribution in solid tumors is important due to the significant inter-and intra-patient differences in the tissue optical properties. Several recent studies suggest that a real-time drug/light dosimetry measurement and feedback system for monitoring and adjusting drug concentration and light distribution during interstitial PDT should be considered (26, (34) (35) (36) . Furthermore, when using purely vascular targeting photosensitizer (e.g., Tookad), the interstitial PDT has a limitation of "treatment time window" since photosentitizer administration to light irradiation has to be carried out as a single session in a short period of time, which requires complicated dosimetry and treatment planning (26).
Tissue Oxygenation
The effectiveness of PDT is determined by many factors. Besides intrinsic target tissue sensitivity to ROS, the other important factors include location and concentration of the photosensitizer, absorption of light energy, and availability of molecular oxygen in the target tissue during light irradiation. The availability of molecular oxygen during irradiation has a profound effect on the treatment outcome. Without oxygen, PDT will have no antitumor effect. It is known that hypoxic tumor cells of solid tumor are generally resistant to PDT. There are two types of hypoxia: (i) pre-existing hypoxic cells, which are a result of tumor physiological development and exist in many solid tumors; (ii) the PDT itself can also induce acute hypoxia due to fast depletion of local oxygen supply. The generation of ROS and PDT efficacy can be affected by intra-tumor oxygen tension (pO 2 in cellular-targeting PDT), hemoglobin oxygen saturation (SO 2 in vascular-targeting PDT), and microenvironment of solid tumors (37-39). Therefore, monitoring tumor tissue oxygenation during PDT is important in understanding the basic physiological mechanisms and PDT dosimetry.
Tumor pO 2 can be measured by oxygen sensitive electrodes, fluorescence quenching-based optical probes, non-invasive phosphorescence real time imaging techniques, or other spectroscopic techniques (40). Hypoxia markers and hypoxia inducible factor (e.g., HIF-1a and HIF-2a) and expression of vascular endothelial growth factor (VEGF) have also been used as indicators of hypoxia (41). It has also been reported that positron emission tomography (PET) and magnetic resonance spectroscopy can also detect hypoxic cells in solid tumors (42, 43) . Intravascular production of ROS is associated with photodynamic consumption of O 2 and consequent evolution of paramagnetic deoxyhemoglobin (an endogenous MRI contrast agent). Photosensitized blood oxygenation level-dependent (BOLD) contrast MRI can be used for real-time assessment of antivascular PDT efficacy and prediction of treatment outcomes (44, 45) .
Several techniques have been proposed to deal with tissue oxygen depletion during PDT, for instance, fractionating light irradiation into controlled light/dark periods or reducing the fluence rate (46-48). These techniques are to promote tissue oxygen re-perfusion to compensate for the oxygen depletion caused by the photochemical reactions. Although limited improvement of tumor response has been reported, there are some disadvantages associated with these techniques. Reducing fluence rate or fractionating a dose only affects oxygen depletion. The pre-existing hypoxic cells are not affected by these techniques. Furthermore, reducing irradiation rate or fractionation also significantly increases the time required for delivery of a specific light dose.
Clinical trials of supplementing hyper-oxygenation during radiation therapy have shown statistically significant enhancement of tumor response when combined with hyperbaric oxygen (HBO) and this has inspired an attempt of PDT-hyperoxygenation combination. For instance, one group performed PDT inside a hyperbaric chamber for various indications (49-52). Although the results are not conclusive, they have shown that hyperoxygenation has extended the survival period in patients with esophageal carcinomas. In comparison to combination therapy of radiotherapy and HBO, PDT combined with HBO poses far fewer technical difficulties. However, HBO requires a pressurized chamber, which is not widely available.
Preclinical studies have shown that normobaric hyper-oxygenation is as effective as, if not more than, hyperbaric oxygenation (37, 38). Hyperoxygenation can oxygenate pre-existing hypoxic cells to make them more susceptible to PDT treatment and compensate for oxygen depletion due to PDT photochemical reactions by boosting the oxygen availability. It has been shown that above certain levels of oxygen availability there is little gain in the PDT cell killing effect. However, the gain in the technical simplicity and statistically equivalency in the biological improvement clearly indicates that normobaric hyper-oxygenation is a more feasible modality to be combined with PDT than HBO. Although certain PDT procedures (e.g., intra-operative PDT) are performed under normobaric hyperoxygenation (e.g., up to 100% oxygen breathing), the added effect of hyperoxygenation on the clinical outcomes has not been reported and certainly needs further investigation.
Biological Target
The choice of treatment depends on the clinical goal and the prognostic profile of the tumor. The latter consists of the stage of disease, tumor size, location and grade, and lymph node status. Tailored molecular chemotherapy might interact on various gene and protein markers of tumors. Antitumor PDT (either curative or palliative) used for the ablation of tumor mass is a site-specific treatment modality which generally acts on biological targets non-specifically.
Direct Cytotoxicity
The PDT induced cytotoxic species have a short lifetime and only act within a limited distance. Therefore, the subcellular localization of photosensitizer is critical in PDT-mediated cytotoxicities. The subcellular localization is determined by the photosensitizer's chemical properties, formulation, concentration and delivery route, the microenvironment of the lesion, and to certain degrees the phenotype of the target cells. The plasma membrane, intracellular membranes and organelles such as the endoplasmic reticulum (ER), Golgi apparatus, lysosomes, mitochondria, and nucleus, have been identified as subcellular PDT targets for many photosensitizers. Some photosensitizers might distribute very broadly in these membranes and organelles, some specifically in lysosomes or mitochondria and some might redistribute during light irradiation.
The cell genotype, photosensitizer subcellular location and concentration, light dose and pO 2 might determine whether cell death occurs through apoptosis or necrosis. In general, the mode of cell death switches from apoptosis to necrosis with the increase of the intensity of the insult. High-dose PDT induced apoptosis might be a stochastic rather than a threshold effect. Interestingly, some researchers show that subthreshold low-dose ALA-PDT can induce selective apoptosis of tumor cells without detectable (apoptotic or necrotic) damage to normal cells. This might offer the possibility of treating patients with low-dose ALA-PDT to minimize PDT damages to the surrounding normal tissue (53).
It has been proposed that apoptosis might play a role for disposing of dead cells and might not be a necessary step for PDT-mediated cell death (54). Nonetheless, in recent years there has been a steady increase in understanding the roles of the intracellular signaling machinery in cell response to PDT and, particularly, apoptotic pathways in PDT. Understanding PDT-induced unique changes and molecular events in signaling, transcription factors and regulating mechanisms may provide a means to modulate or enhance the cellular PDT effects at the molecular level. Two major apoptotic pathways have been characterized: (i) the death receptor-mediated, or extrinsic pathway, and (ii) the mitochondria-mediated apoptosis, or intrinsic pathway. The links between PDT effects and several apoptotic pathways have been clearly identified in numerous photosensitizers and cell lines in both in vitro and in vivo studies. In general, experimental evidences show a large heterogeneity in the mechanisms leading to cell death in cellular-targeted PDT. However, in addition to the activation of the molecular machinery leading directly to cell death, PDT may also initiate some metabolic reactions that could protect cells from oxidative damage. Therefore, it has been suggested that the control of these protective mechanisms is likely to enhance the cytotoxicity of cellular PDT on target cells (55, 56).
Recently, it has been demonstrated that autophagy might be another cell death pathway since it can occur during in vitro tests involving photosensitizers that are located in the ER (57). Autophagy may be the dominant cell death pathway following PDT in cells that are incapable of undergoing normal apoptosis. It is still under investigation whether mitochondrial-and ER-associated Bcl-2 can protect against autophagic death (58).
There is no doubt that advances in cell and molecular biology allow for a better understanding of subcellular survival or pro-death pathways and consequences of PDT-induced direct cytotoxicity. Although such advances help the rational design and choice of photosensitizers, the gold standard of evaluation of the efficacy of clinical PDT still relies on the gross response of the lesion or disease to PDT. For instance, in tumor ablation, the typical clinically relevant response or biological endpoint would be acute tumor necrosis, the duration and rate of this response, and the length of the tumor-free period. These might be affected not only by the direct cytotoxicity but other PDT effects as well as the tumor sensitivity to various PDT effects.
Vascular Effect
The growth of solid tumors is dependent on their capacity to acquire blood supply. Therefore, much effort has been directed towards the development of anti-angiogenic agents which inhibit the process of neovascularization in solid tumors. More recently, it has become apparent that the destruction of the established tumor vasculature represents a complementary avenue for developing new therapeutic opportunities.
It has long been recognized since the early 1980s that an additional indirect mechanism, coexisting with the direct cytotoxicity of PDT, is the vascular effect in which vascular damage causes ischemic death and therefore provides an- other mechanism to treat solid tumors ( Figure 2 ) (59). Later, preclinical studies demonstrate that the mechanisms underlying the vascular effects differ greatly with photosensitizers, PDT approaches, and target tissues.
Irradiation of photosensitizers, either confined in the blood circulation, accumulated in endothelial cells or bound to the vessel walls, results in collateral damage to endothelial cells, which can be characterized by the loss of tight junctions between cells and exposure of vascular basement membranes. These primary damages within the vessel lumen lead to the formation of thrombogenic sites and initiation of a physiological cascade of reactions such as platelet aggregation, the release of vasoactive molecules, leukocyte adhesion, increase in vascular permeability, and vessel constriction. Microvascular collapse, blood flow stasis, and tissue hemorrhages can lead to persistent post-PDT tumor hypoxia and long-term tumor control (60-62).
Photosensitizers bound to carrier molecules, such as albumin, HDL or LDL, appear to have an active affinity to endothelial cells and tumor microvascular endothelium because of the existence of specific receptors in high numbers in their structure (63). This might be an additive factor in photosensitizer uptake and retention in the tumor tissue. Although one can expect that the localization of photosensitizer in both vascular and target cell compartment might produce a stronger combination effect, several investigations have also shown that tumor response to vascular-targeted PDT does not correlate with cellular concentration of photosensitizer in the treated tumor. In vascular-targeted PDT mode, therefore, the light irradiation should be applied during photosensitizer infusion and continued after the completion of infusion so as to center the light delivery period around the peak of the plasma concentration of photosensitizer and hence, putatively, maximizing the PDT effect (64).
Immune Responses
PDT-induced immune responses and particularly antitumorspecific immunity have been studied in various animal mod-els. PDT causes noticeable but short-term and reversible immune suppression under certain experimental conditions. However, unlike chemotherapy and irradiation therapy, PDT does not cause severe negative effects on the host immune system. Substantial evidences have demonstrated that antitumorspecific immune process and enhancement of host immune system might play important roles in secondary cytotoxicity, long-term tumor control and/or complete tumor response to PDT, although these effects are not necessarily lethal to all tumor cells or relevant to the initial tumor ablation (65-68).
Animal studies show that pro-inflammatory damages formed in cellular membranes and the blood vessel walls of treated sites start to recruit neutrophils, mast cells, and monocytes/ macrophages after PDT. These cells can also release more inflammatory mediators to enable massive recruitment of immune cells to tumor site. These immune cells and nonspecific immune effector cells have a profound impact on the destruction of tumors (69-71). PDT can also activate the expression and production of several cytokines, such as IL-1β, IL-2, IL-6, IL-10, TNF-α, and G-CSF. They can play important roles in regulating host immune response involving both lymphoid and non-lymphoid cells (72, 73) . Recent human trial suggests that PDT could enhance the uptake and presentation of tumor antigens by tumor-associated antigen presenting cells (APC) and could ensure lymphocyte involvement (74). Complement-activating agents may further enhance the antitumor effect of PDT (75) . Recent studies also demonstrate that PDT-treated tumor cell lysates can be effective tumor vaccines, although the mechanism for enhancement of host anti-tumor immune responses to PDT vaccines is still unclear (76). These advances in understanding PDT-induced immune responses might lead to an attempt to optimize PDTmediated antitumor modality through the modulation of important inflammatory/immune mediators (77).
Dosimetry
Acceptable clinical PDT, either as an alternative or an adjuvant, needs accurate prediction of the biological effect (78). In contrast to the well-established treatment-planning system in radiation therapy, where absorbed dose not only has an unambiguous definition but also correlates with the resultant biological effect, there is a lack of well-accepted dose definition and calculation in PDT (79). Current recommendation for clinical PDT dosimetry can be found in the American Association of Physicists in Medicine (AAPM) report No. 88 (80) . In simplified words, clinicians should ensure that the product of irradiance (or fluence rate) and exposure time should exceed a certain threshold that is required to initiate tumor kill effect. Over-and under-treatment may occur using this clinical protocol given that PDT relies on three factors as described above: light, drug, and oxygen. Although overtreatment may cause relatively minor adverse consequences compared with radiation therapy, the threshold property of the PDT treatment response means that under-treatment that does not reach the threshold dose will result in treatment failure (81). The aim of the dosimetry is that the combination of light fluence distribution, drug concentration and distribution, and tissue oxygenation results in maximum tumor ablation while adjacent normal tissue can be spared to an acceptable degree. To reach this goal entails a full understanding of the distribution of light, drug, and oxygen in the target tissue.
Classes of PDT Dosimetry
PDT dosimetry presently under active research can generally be categorized in four classes -direct dosimetry, biological dosimetry, implicit dosimetry, and explicit dosimetry (81). Each class has its own intrinsic merits and limitations. At present, there is no single dose metric that can address all dosimetry problems. Choice of dosimetry depends on the type and location of tumor, type and characteristic of drug and light, desired accuracy and instrumentation complexity, etc.
(I) Direct dosimetry uses singlet oxygen ( 1 O 2 ), the putative toxic agent, as PDT dose metric. It is found that cell death correlated strongly with the cumulative 1 O 2 luminescence (at wavelength of 1270 nm) and allowed for direct estimation of the 1 O 2 per cell required to achieve a specific cell damage (82). However, unless there is a substantial reduction in cost and/or complexity of the instrumentation required, direct 1 O 2 monitoring is unlikely to become a routine tool in clinical or even preclinical PDT (83). Hence, its most important roles may be as a gold standard for other simpler dosimetry techniques and to answer critical photobiological questions. The usefulness of indirect 1 O 2 monitoring still needs to be validated.
(II) Biological dosimetry is a true photobiological dosimetry in that it uses measurable change(s) in tissue that is correlated to the direct result of PDT treatment. Methods such as CT or MRI, BOLD MRI, laser Doppler, PET, electrical impedance spectroscopy, and bioluminescence imaging have been used to investigate their potential roles in assessing PDT-induced biological effects (44, 45, (84) (85) (86) (87) (88) . It is still unclear whether any of these specific techniques could be used to predict tissue responses and their outcome.
(III) Implicit dosimetry uses an implicit surrogate that is indicative of response of PDT treatment. This method is appealing since only one quantity needs to be measured. Fluorescence photobleaching and NADH autofluoresence are convenient quantities to measure (89). Although the biological effects of Foscan-mediated PDT can well be predicted by photobleaching (90), correlation of the implicit surrogate with PDT response using other PDT drugs may not be good. For example, Photofrin can bleach through non singlet oxygen mediated mechanism (91). Photobleaching is not a reli-able dose metric for ALA/PpIX-mediated PDT (92).
(IV) Explicit dosimetry involves the measurements of fluence, drug concentration, and tissue oxygenation. It is proposed that the energy absorbed by the drug per unit tissue volume would be a predictor of biological response (93). Cumulative PDT dose, activated at a particular wavelength for the drug, can be expressed as the time integral of light fluence rate ϕ(q,t), and absorption coefficient μ ap (q,t) of the photosensitizer: where T is the total light irradiation time, q is the generalized spatial coordinate. Individual measurement of light distribution, drug concentration, and pO 2 level is nontrivial since each varies dynamically and inter-dependently.
Interstitial PDT is feasible for treating deeply-seated solid tumors, in which light delivery and detection are most efficiently accomplished through implanted optical fibers. The commonly encountered sites of parenchymal tumors include but are not limited to the head and neck (5, 94), brain (3, 22, 95) , liver (4, 96), lung (97), pancreas (98), and prostate (2, 15, 28, 99) .
Generally, in treating bulky solid tumors, light with longer wavelengths is preferred due to its capability of deeper penetration depth, resulting in more access to the tumor (100). Even with the longer wavelength light, the size of the tissue such as the prostate gland cannot be covered by a sufficient light intensity using a single transurethral source. The commonly used light sources are cylindrical diffuse fibers, resembling the radioactive seeds used in brachytherapy. It is also possible that multiple locations of the cylindrical fibers are needed in order to cover the whole prostate. The knowledge of light distribution in the target tissue is important because the generation of cytotoxic species depends on how much available light can interact with the photosensitiser. Quantification of the light distribution requires the accurate characterization of optical properties of target tissue. It is found that both the distributions of absorption and scattering coefficients (e.g., μ a and μ s ) in the human prostate at typical prostate PDT wavelengths (e.g., 665, 732, and 760 nm) are not uniform and their distributions also change during the treatment (12, 26, 101) . Clearly, this is the evidence that pre-set values of fluence before the treatment is not sufficient for predicting the subsequent fluence distribution. The knowledge of optical properties of targeted tissue is needed and they might change even during the treatment.
Another factor is the drug concentration and distribution. Current clinical prescription only specifies this quantity in terms of the amount of drug given to a patient per body weight (102). The simplest method to measure the drug concentration is to detect the fluorescence emitted by the drug, using a single optical fiber as both a source and a detector (103). The drug concentration can also be measured with spatially-resolved detection technique exploiting the absorption of the drug with multiple implanted interstitial optical fibers (101). In those methods, light distribution was calculated using an appropriate light propagation model with prior known optical properties. The assumption was made that the optical properties of tissue and drug concentration distribution were homogenous (or partially homogenous), which is not necessarily true.
As discussed earlier, the role of oxygen in PDT has been well recognized since as early as the late 1980's (60). It was found that hypoxic tumor cells were protected from PDT damage. Therefore, complete explicit dosimetry clearly needs a term describing the oxygen consumption during the PDT session. This is particularly important in the situation where high light fluence and high drug concentration are used. Measurement of oxygen level can be accomplished either using Eppendorf or spectroscopic measurement of absorption coefficient, from which oxy-and deoxy-hemoglobin concentration and drug concentration can be extracted using a spectral deconvolution method such as the singular value decomposition method. Zhu et al. showed that oxygen level depends on location (102). Weersink et al. observed significant blood oxygenation changes during vascular PDT (26). They also indicated that the assumption was made that blood was uniformly distributed. Wang et al. recently developed a mathematical model describing spatial and temporal dynamics of oxygen consumption and transport in PDT in vivo (104). Their calculations demonstrate that intercapillary heterogeneity of drug contributes significantly to the distribution of photodynamic dose.
The above discussion indicates that there exists a gap between the current clinical protocols and the actual response. Hence, it is not surprising that it has drawn criticism that clinical PDT is still largely based upon empirical dose escalation trials without much consideration of the individual variations amongst patients. The challenge in explicit dosimetry is to find a proper method and procedure that allows us to accurately measure the light, drug, and oxygen level in real-time (or nearly real-time) such that local PDT dose can be calculated as per Eq. [1]. The adjustment of light distribution and/ or drug concentration can be made accordingly depending on whether the PDT dose exceeds the threshold dose or not. An attempt has been made to develop a clinical system for interstitial ALA-PDT with on-line dosimetry measurement (105). Light fluence is modeled with finite-element method using the previously determined optical properties of tumor and normal tissue. Treatment monitoring parameter measurements are performed for drug concentration from the fluorescence intensity and oxygen saturation level from the hemoglobin spectral measurements. They observed major treatment-in-duced light absorption increase, rapid drug photobleaching, and relatively constant global tissue oxygen saturation.
Challenges of Vascular PDT Dosimetry
Vascular PDT presents particular challenges compared to the conventional cellular PDT in its dosimetry. Explicit dosimetry becomes a good practical candidate if the drug (such as Tookad) is not fluorescent. As mentioned earlier in this article, vascular PDT drugs typically are confined in blood vessels and diminish to an undetectable level within a couple of hours after the completion of IV injection of photosensitizer. Hence, spatial and temporal delivery of light fluence is critical in order to achieve satisfactory treatment outcome. Generally, there exist two types of vascular PDT dosimetry recently published: (i) determination of optimal drug to light interval and (ii) real-time adjustment of light fluence based on the feedback measurement.
Short DLI in Tookad-PDT has been well documented in several studies (26, 106-108). Huang et al. observed that drug concentration peak occurred in less than 10 minutes via IV injection using spontaneous and normal canine models. Light irradiation can be applied in three distinct modes: simultaneous mode, peak mode, or drug concentration peak and light irradiation overlapping mode, and post-infusion mode (108). Borle et al., using a hamster cheek pouch model, reported a decreased tissue response with increasing DLI, and the highest response at the shortest DLI (107). Woodhams et al. showed that, in an animal colon model, DLI of around 5 minutes resulted in a maximum lesion for normal colon and around 5-15 minutes resulted in a maximum PDT necrosis in colon tumor (106). Another concern raised by them is that there exists a trade-off between tumor selectivity and maintenance of high level drug in blood vessels, since drug bolus injection would give more drug to the tumor (better selectivity) while IV injection would give high drug level. This particular challenge means that light fluence should be delivered in such a way that light threshold fluence is conformal to the tumor-normal tissue demarcation. A related preliminary study of the prostate cancer and its normal adjacent tissue and organs was performed, which indicated that the protection of the adjacent tissues should be taken into consideration during the total prostate ablation process due to their sensitivity to PDT (108). Conformal light delivery may need specialized optical fibers. Rendon et al. reported some attainable light iso-dose profile resulting from diffusers with tailored longitudinal emission profiles (24, 109).
An alternative method for vascular-PDT is to perform mathematic modeling and real-time measurements of light fluence, drug concentration, and oxygen level (110). With this real-time information, light fluence can be adjusted accordingly during the treatment session such that the time integral of the product of fluence and drug concentration exceeds the required threshold PDT dose in order to elicit tumor ablation. Johansson et al. developed a real-time software tool for interstitial photodynamic therapy of the human prostate (35). Irradiation time of multiple implanted fibers is optimized during the treatment session based on the continuous monitoring of the change in the detected light attenuation. However, this method performed in the steady state without absolute light fluence measurement could not determine drug concentration variation and possible oxygen depletion, which may not completely reflect the true PDT process. Determination of absorption and reduced scattering coefficients has been shown to be possible in frequency domain in a phantom study. Xu and Patterson demonstrated that both coefficients can be determined within 10% for a wide range of optical properties using a fast and accurate forward model (111). This opens the possibility that both light fluence (from μ a and μ s ') and drug concentration (from μ a ) can be determined from the combined steady state and frequency domain measurement and adjust the light fluence accordingly.
Future Prospects
There is a strong and increasing interest and research effort internationally focused on developing new photosensitizers, exploring PDT mechanisms at the molecular level, enhancing PDT efficacy with combined modality, and evaluating potential clinical indications (112). Although regulatory approvals for the clinical use of PDT photosensitizers and light applicators now exist in many countries around the world, the total number of approved clinical indications is still limited. It is expected that the involvement of the pharmaceutical industry and research institutes will continue to launch numerous clinical trials to evaluate applications of PDT in conjunction with or as a replacement for traditional methods for treating solid tumors. Optical methods and nanotechnology will continue to play a wide range of roles in characterizing target tissue, determining PDT dose, and assessing treatment outcome. Combined modality, individualized treatment planning, and real-time dosimetry will likely become an essential component of interstitial PDT for treatment of parenchymal and/or stromal tissues of solid tumor over the next decade. 
